2 8 2 9
populations. We found that ontogenic immune priming provided greater protection 1 1 6
against re-infection, compared to within life stage or trans-generational priming. Finally, our data reveal novel sex-specific links between various forms of immune 1 1 8
priming, perhaps representing tradeoffs or even shared mechanistic basis. We hope 1 1 9
that our results motivate further investigations to confirm and understand the 1 2 0 ecological, evolutionary and mechanistic basis of the observed variability and 1 2 1 associations between priming at different stages. Although immune priming responses should be measured on individuals directly 1 3 1 collected from the wild (i.e. grain warehouses), this is difficult to do for the following essential to quantify variability between populations, which was the major goal of our 1 3 8 study. Hence, we established large laboratory populations using wild-collected beetles 1 3 9
(maintaining most of the initial genetic variability), and then quantified the immune 1 4 0 priming response of individuals of the same age reared under identical conditions. We were collected from different warehouses in a single city ( Fig S1) . We allowed all 1 4 4 adults from a site to oviposit for a week on whole-wheat flour at 34°C to start a large 1 4 5 laboratory population (>2000 individuals). We maintained these stock populations on 1 4 6 a 45-day discrete generation cycle for 9-10 generations before starting experiments. allowed ~1000 adults from each population to oviposit in 350 g wheat flour for 48 1 5 0 hours. We removed the adults and allowed offspring to develop for ~3 weeks until 1 5 1 7 pupation, collecting pupae daily after this period. We housed 3-4 pupae of each sex 1 5 2 separately in 2 ml micro-centrifuge tubes containing 1 g flour for 2 weeks. Since timeline for each type of immune priming is given in Fig 1 ( this is a natural insect pathogen that imposes significant mortality in flour beetles et al., 1999) . On the evening before priming, we inoculated 10 ml CaCl 2 per liter) to make bacterial slurry. We killed the bacteria in a heat block at 90°C 1 7 7 for 20 minutes as described earlier (Roth et al., 2009; Khan et al., 2015) . We used 1 7 8
heat-killed bacteria to prime individuals, since this would elicit an immune response 1 7 9
without any direct cost of infection. challenge, we pricked individuals as described above, but used live bacterial slurry 1 8 9
(without heat-killing). After this, we again isolated individuals in fresh microplates We analyzed post-infection survival data for each population, sex and immune 1 9 5
priming type separately using Cox Proportional Hazard survival analysis with priming 1 9 6 treatment as a fixed factor (see Figs S3-S11 for survival curves). We noted 1 9 7
individuals that were still alive at the end of the experiment as censored values. We To estimate the overall impact of sex on the immune priming response, we analyzed 2 0 5 hazard ratios using a two-way ANOVA with sex and type of immune priming as fixed ratios with a one-way ANOVA. Finally, to compare the strength of priming across 2 1 0 different stages (Fig 1) , we analyzed data with a one-way ANOVA and used Tukey's 2 1 1 honest significant difference (HSD) to estimate pairwise differences after correcting 2 1 2 for multiple comparisons. We also wanted to test whether the strength of immune priming responses was 2 1 5 correlated across types of priming. However, several populations did not show a 2 1 6 significant immune priming response; hence, we could not use a linear regression 2 1 7
approach. Therefore, we generated a contingency hazard test: p > 0.05) of each type of priming response (also see Figs S3-S11). We
then used a Fisher's exact test to determine whether the presence of the two types of 2 2 1 immune priming was qualitatively associated across populations. The immune priming response varies across populations 2 2 9 2 3 0
We estimated the strength of immune priming as the proportional hazard ratio of thuringiensis. Surprisingly, we found that only about half the populations showed 2 3 4 significant priming at a given stage, although all populations were capable of 2 3 5 mounting multiple forms of immune priming (Fig 2) . The immune priming response 2 3 6
varied substantially in larvae as well as adult males and females across natural 2 3 7 populations (Fig 2; Figs S3-S11 ). We found that only a few populations showed as adults (only females; A-WLS, 4/10 populations) (Fig 2A) . In contrast, at least one populations B1 and B2 showed very different priming responses (Fig 2) , although 2 4 6 they were collected from different warehouses in the same city. Hence, geographical 2 4 7 proximity does not seem to be a good predictor of similarity in immune responses. As explained in the methods, we tested the priming response of each sex separately.
5 4
Hence, we could not directly test for an impact of sex in each population. Combining 2 5 5 hazard ratios across populations, we did not find a consistent impact of sex on the 2 5 6 strength of the immune priming response for any type of priming (Table 1A -C). However, in many populations, only one sex showed a significant priming response. For instance, the adult WLS response appears to be female-limited, with males showing no priming in any population (Fig 2A) . Similarly, in most populations that 2 6 0 showed ontogenic priming, priming was beneficial for only one sex (7/9 populations; 2 6 1 Fig 2B) . However, unlike WLS, we did not find a systematic benefit of ONT priming: 2 6 2 the sex that benefited from ONT priming varied across populations. We also failed to 2 6 3 find clear sex-specific benefits of TG priming for offspring. We observed adult one sex (2 populations) ( Fig 2C) . Intriguingly, all six populations with significant 2 6 6 larval trans-generational (L-TG) priming showed a response in offspring of both sexes 2 6 7 ( Fig 2D) . Thus, both males and females tend to show parallel benefits of L-TG 2 6 8 priming across populations. Overall, our results show that the impact of sex on 2 6 9 immune priming varies both across populations and type of immune priming. Next, we tested the impact of priming life stage on the strength of the priming response. We found that priming at the larval stage was more beneficial and produced 2 7 5 a greater response than priming adults (Table 1D ). However, this result was driven adults across priming types relative to the respective unprimed controls (Fig 3, fold benefit observed for other forms of priming, including larval WLS priming (Fig   2  8  0 3). We also found that across populations, the strength of ONT priming in females We tested whether different types of immune priming responses were associated 2 9 0 within populations. We found that most populations either showed significant female 2 9 1 WLS priming or significant TG priming in male offspring, but not both ( Fig 4A; 2 9 2
Fisher's exact test, p = 0.046). In contrast, there was no association between female 2 9 3 WLS and TG priming in female offspring ( Fig S12A; Fisher's exact test, p = 0.643).
9 4
We also found a non-significant trend for an association between ONT priming in 2 9 5 males and TG priming in male offspring ( Fig 4B; Fisher's exact test, p = 0.446), but 2 9 6 not for female offspring (Fig S12B; Fisher's exact test, p = 0.663). For male 2 9 7 offspring, one of the two populations that showed only ONT priming had nearly priming would be significant (Fisher's exact test, p = 0.046). Although the association is not strong, these results suggest that in populations where male adults benefit from 3 0 2 larval ONT priming, they may also benefit from maternal TG immune priming. Our work provides the first evidence of substantial variation in both within-and trans- Approximately half the populations did not show a significant response to any given 3 1 2 type of priming; on the other hand, all populations showed at least two forms of 3 1 3
priming. Relative to unprimed controls, primed individuals showed up to 13-fold 3 1 4
higher survival in some cases, whereas others showed no benefits of priming. Note 3 1 5
that we reared wild-collected beetles under standard laboratory conditions for 9-10 3 1 6
generations before starting our experiments; hence, we probably underestimated the , 2013) . Currently, we cannot directly test these hypotheses since we do not have understand the evolution of immune priming responses. One of our most interesting findings is that ontogenic priming confers a greater 3 3 0 survival benefit than within life stage or trans-generational immune priming response. and their relative impact on the outcome of infection within a population. Our data also revealed novel associations between within-and trans-generational also suggest a weak association between male ONT and male TG priming. outbred T. castaneum population showed that infected males die about twice as fast as 3 6 7 females ( Fig S13B) . It is possible that the natural populations analysed here also show 3 6 8 similar sex-specific variation in susceptibility to infection, and further work is 3 6 9 necessary to distinguish between these hypotheses. We suggest that our results are applicable in many insect-pathogen systems. B. impose strong selection on many insects occupying diverse ecological niches, 3 7 6
influencing the evolution of their immune responses in the wild. Although we did not 3 7 7
test whether the immune priming response is specific to the B. thuringiensis strain 3 7 8 that we used, an earlier study showed that T. castaneum individuals could 3 7 9
differentiate between strains of the same pathogen (Roth et al., 2009 ). Thus, the 3 8 0 immune priming response that we observed is most likely a specific response against 3 8 1
